We investigate divergent behaviors in the emission of blue and green lightemitting diodes (LEDs) when they are subjected to the current-stress aging. Microscopic hyperspectral imaging is introduced to measure spatially resolved mappings of the peak intensity, the peak energy, and the full width at half maximum. Also, plots of external quantum efficiency versus injection current are measured to determine the extent of the ShockleyRead-Hall (SRH) nonradiative recombination rate based on the two-level model. As a result, a phenomenological model is proposed to account for the competitive mechanism between the carrier localization and the SRH recombination. In the blue LED case, the increase in the radiative recombination within localization states cancels the SRH nonradiative recombination within point defects. While in the green LED case, the enhancement of SRH recombination and the remission of carrier localization jointly kill the radiative recombination.
Introduction
Studies on the efficiency vibration of light-emitting diodes (LEDs) subjected to aging processes shed light into research on physical mechanisms of the carrier recombination in the active layer [1] - [3] . Though behaviors during the aging may differ drastically among samples, they at least share a common phenomenon that all kinds of stresses, e.g., current and/or temperature, lead to fierce vibrations of the efficiency within an initial short period after the aging, and those of the efficiency gradually become milder thereafter [4] , [5] . It literally indicates that the crystalline structure of LED devices remains unstable at the very beginning, but will reach a quasi-steady state after a period of interaction with successive flows of high-energy electrons. However, when performing optical measurements during the aging, previous works studied the chip under investigation in an integrated manner, in which the light emission of the whole chip is collected via an integrating sphere. It therefore has abandoned the information of possible spatial inhomogeneity along the chip surface [6] . In general, spatially resolved emission spectra can be obtained by a spectroscopy integrated with a transmission electron microscopy [7] , scanning near-field microscopy [8] , confocal microscopy [9] , and atomic force microscopy [10] . Through these photo-and cathode-techniques, crystal imperfections, indium clusters, and polarization fields have been considered being associated with emission processes. In our previous research on the spatially resolved photoluminescence (PL) and electroluminescence (EL) of blue LED chips, it is found that the surficial luminance can be so un-uniform that, except for the intensity vibration, the peak energy and the full width at half maximum (FWHM) of EL and PL spectra collected from each point divert from each other [11] , [12] . Mappings of these three spatially resolved parameters of EL and PL spectra jointly provide insight into the evolution of the interplay between carriers and lattices. As lattices are modified during the interaction with plenty of energetic electrons, the inhomogeneity or patterns of such spatially resolved mappings probably change during aging tests. Besides, compositional fluctuations can be enhanced by the increasing indium composition, accompanying with the deterioration of the crystal quality due to the large lattice immiscibility of InN and GaN in InGaN/GaN active layers [13] . The study on these evolutions therefore can uncover some physical processes that have not yet been found by previous research.
In this work, for two types of LEDs-blue ones with lower indium contents and green ones with higher, we investigate spatially resolved EL characteristics, which are carried out via a microscopic hyperspectral imaging (MHI) system [14] . All spatially resolved mappings of the peak intensity, the peak energy and the FWHM for blue and green LEDs are obtained before and after the aging. Also measured are fitting parameters of the external quantum efficiency as a function of injection current (EQE − I f ) by the two-level model, which is to estimate the capability of Shockley-ReadHall (SRH) non-radiative recombination centers (NRCs) [11] , [12] . Based on above analyses, a phenomenological model concerning the carrier localization effect [15] and the SRH recombination is presented to describe possible mechanisms of the carrier recombination in In-rich LEDs.
Experimental Details
Two types of LED samples employed in this work are grown on c-plane sapphire substrates via metal-organic chemical vapor deposition. Nominal indium mole fractions in InGaN/GaN multiple quantum wells (MQWs) are ∼20% for the blue LED and ∼35% for the green LED, and corresponding integrated EL emissions of samples are located at ∼454 nm (∼2.73 eV) and ∼537 nm (∼2.31 eV), respectively. Except for the difference of indium contents, all samples are similar, and fabrication processes of chips (1 mm × 1 mm) are described in detail elsewhere [12] , [16] . Aging tests are carried out by a high-power LEDs aging system (ZWL-190, Zhongwei Photoelectricity Inc., China), and the stress current is set at I f = 850 mA (J f = 85 A/cm 2 ). During measurements, samples are driven by a current source (Keithley 2400, Keithley Inc., USA), and the heat-sink temperature is controlled to 25°C by using a TEC temperature controller (LED-850, Instrument Systems Corp., Germany). Spatially resolved mappings are captured by a MHI system, which features a microscope (MJ51, Mingmei Inc., China), and a portable hyperspectral camera (GaiaField-F-V10, Shuanglihepu Inc., China). A detailed description of MHI system can be found in our pervious report [17] . Note that all EL mappings are captured at a series of I f , ranging from 0.5 mA to 80 mA (J f = 0.05 − 8 A/cm 2 ) at room temperature.
Results and Discussion

Description of Experimental Results
To investigate possible aging mechanisms related to In-rich InGaN MQWs at small injection currents, we evaluate characteristics of EL spectra extracted from spatially resolved mappings. To avoid the Relationship between the peak intensity and the peak energy at 0 h (e) and 80 h (f). Dotted circles in MHI mappings indicate areas with high peak intensity and low peak energy. Solid red lines in E-I clouds imply the anti-correlation between the peak intensity and the peak energy.
influence of electrodes and bonding leads, for each sample, six patches of area on the surface are selected for the investigation. Among them, similar results are observed and MHI mappings of a typical one (30 μm × 30 μm) are described in detail below. Each mapping, detected at a series of injection currents (0.5-80 mA), consists of 3600 (60 × 60) pixels.
As illustrated in Fig. 1 , all mappings of the peak intensity and the peak energy for the blue LED before and after the 80-hour aging are inhomogeneous. In Fig. 1 (a), a region with intensity slightly higher than surrounding areas lies in the up-right. This region is roughly associated with the lowenergy region, as shown in Fig. 1(b) . However, little anti-correlation can be observed in the plot of peak energy verse the peak intensity (E-I cloud) [ Fig. 1(e) ]. After the 80-hour aging, the peak intensity increases, but retains the inhomogeneity [ Fig. 1(c) ]. The peak energy decreases (red-shift in the peak wavelength), also preserves the fluctuation [ Fig. 1(d) ]. As plotted in Fig. 1(f) , the E-I cloud evolves into an eclipse with an inclined long axis, which reveals a strong anti-correlation after the aging. We can also observe mappings of the peak intensity and the peak energy, which illustrate that the high brightness region and low-energy region precisely coincides. It reveals that regions with lower band-gap are populated with carriers, resulting in stronger band-edge recombination. Similar phenomena are reported in our previous work [11] , in which we suggest that the carrier localization effect induced by compositional fluctuations of the InGaN alloy or thickness fluctuations of InGaN well layers, is able to prevent free carriers from diffusing into NRCs and thus enhance the radiative recombination. In this work, by comparison between the fresh and aged sample, we further prove that such anti-correlation effect can be intensified under the constant high injection current, leading to the increase in the peak intensity and the red-shift in the peak energy.
However, we do not observe such anti-correlation between the peak intensity and the peak energy for green LEDs, as shown in Fig. 2 . All mappings before and after the aging [ Fig. 2(a)-(d) ] illustrate weak inhomogeneity, compared with its blue counterparts. Instead of the anti-correlation, the E-I cloud of the fresh sample exhibits some degree of positive correlation between the peak intensity and the peak energy [ Fig. 2(e) ], i.e., regions with higher brightness are accompanied with higher peak energy. After the aging, the positive correlation fades as the intensity becomes uniform [ Fig. 2(f) ]. As one type of In-rich LED devices, more indium incorporated in the green LED gives rise to numerous crystal imperfections and thus enhances the SRH non-radiative recombination [18] . In literature [19] , extended defects such as dislocations are identified as a mostly undesirable SRH NRCs when they are susceptible to high inject current because of the rise in the carrier diffusion length as well as its mobility on this occasion. Therefore, point defects (PDs), a nanoscopic crystal imperfection, including vacancies, interstitials, and impurities, are mainly responsible for the severe SRH non-radiative recombination in view of the small injection current of 1 mA in this work, especially for the aged sample.
Mappings of the linewidth, measured as FWHM, are plotted in Fig. 3(a)-(d) , which reveal the fact that opposite changes occur in the blue LED and the green LED. Namely, after the aging, the FWHM tends to be broadened for the former, while narrowed for the latter. Normalized EL spectra of two types of LED devices are exhibited in Fig. 3(e) -(f), and original EL spectra are illustrated in insets of them. Both for blue and green LEDs, only a little change appears in high-energy wings of spectra after the aging. However, low-energy wing changes conspicuously as broadening and narrowing are observed for blue and green spectra, respectively. In the meantime, aged spectra exhibit slight shifts in the peak energy, which is in consistent with the observation of MHI mappings of the peak energy described above, accompanied by a red-shift for the blue LED and a blue-shift for the green one. Previous works [20] , [21] pointed out that the FWHM is associated with nanometerscale potential fluctuations, which function as the localization centers while altering the spectrum in the low-energy side. Therefore, we can conjecture that such opposite changes of FWHMs are attributed to the enhancement of carrier localization effect in the blue LED and to the remission of it for the green one.
To further determine the evolution of the SRH non-radiative recombination, we introduce the two-level model, which is an alternative way of evaluating the rising segment of the EQE − I f curve and can be expressed as [12] , [16] :
where η EQE denotes the external quantum efficiency, which is calculated from all pixels in the MHI mapping; C is a constant, depending on the light extraction rate of LED devices; α and β are parameters related to the recombination rate between the interband radiative and non-radiative recombination mainly via PDs. It is worth noting that we focus on the ratio of β to α, namely, ζ = β/α, which is regarded as an indicator of the ability of capturing carriers for all PDs in the active layer. Fitting curves via the two-level model are plotted in Fig. 4 and all fitting parameters are listed in Table 1 . For the blue LED [ Fig. 4(a) ], the value of ζ exhibits a slight decrease from 1.83 to 1.17, indicating that the SRH recombination is alleviated in the aged sample. On the contrary, the value of ζ shows a remarkable increase from 2.41 to 5.05, implying that the SRH recombination is greatly reinforced in the aged green LED [ Fig. 4(b) ]. It is reasonable to deduce the fact that distinct modifications of PDs can account for different behaviors of the SRH recombination in both LED MQWs. Contrary to blue LED MQWs, numerous PDs are possibly created by the high-current stress in green LED ones.
Phenomenological Model
Experimental results presented above uncover a fact that the correlation between the carrier localization effect and the SRH recombination is widely divergent during the aging. The discrepancy in aging behaviors of the blue LED and the green LED possibly stems from the difference of indium contents. The carrier localization effect caused by indium fluctuations in the active region can enhance the radiative recombination by trapping carriers into localization centers [22] , [23] . Nevertheless, NRCs mainly introduced by PDs can assimilate free carriers escaped from localization centers and accelerate the SRH non-radiative recombination rate [24] . Therefore, the net influence on the peak intensity is the result of the competition between the carrier localization effect and the SRH recombination. In general, in indium-dilute devices, the former effect dominates, and the increasing indium content brings the latter into play. A phenomenological model is proposed to explain competitive mechanisms at small injection current in detail, as depicted in Fig. 5 . Three types of carrier recombination processes, namely the band-edge radiative recombination, the localized recombination, and the SRH recombination, occur simultaneously while they compete with each other as carriers are injected into active regions. The first type, as its name suggested, takes place in the band-edge, ending up emitting a photon with energy equal to the band-gap. The second type also occurs in a special band-edge region, where the energy is slightly lower than surrounding areas, namely the localization center, which is located at sites of In-rich clusters and quantum-dots-like structures [25] . In general, recombination in the localization center is also mostly radiative, but emits a photon with slight lower energy than in the first type. The third type, however, being non-radiative, takes part in SRH NRCs, which mostly consist of PDs. This miniature crystal imperfection is quasi-stable, such that can be modified under the sustaining impact of energetic electrons, resembling the annealing effect, which can reduce effective density of PDs [26] . The modification of aged blue-emitting MQWs [ Fig. 5(b) ] manifests that PDs are partly removed by the high injection current. However, in green-emitting MQWs, localization states are deeper than those in blue-emitting ones, because severe phase separation and indium segregation are usually formed in the indium abundant region [27] . Meanwhile, the high indium content can result in the grievous mismatched strain at InGaN/GaN interfaces and facilitate the proliferation of PDs [28] . While lattices are being subjected to successive flows of high-energy electrons, the density of PDs is elevated [ Fig. 5(d) ]. During the high current aging, highenergy electrons may recombine non-radiatively at original PDs and then release extra energies to motivate the creation of new PDs or to enable original PDs to move [29] . Detailed mechanisms related to the generation of PDs principally include the diffusion of Mg atoms from the p-type layer [30] , the formation of nitrogen and gallium vacancies [31] , the migration of indium atoms [32] , and the intrusion of ambient impurities such as carbon [33] .
In the case of blue-emitting MQWs, as sketched in Fig. 5(a)-(b) , decreasing PDs caused by the annealing effect mitigate the portion of SRH non-radiative recombination. The reduction in PDs has been revealed by the fitting parameter of the two-level model [ Fig. 4(a) ]. Therefore, after the aging, more carriers are recombining at the band-edge and/or localization centers because of the improvement of the carrier mobility and the diffusion length [19] , [34] , [35] . The enhancement of localization effect has also been indicated by the anti-correlation between the peak intensity and the peak energy [ Fig. 1] , as well as the expansion of low-energy wing of the aged EL spectrum [ Fig. 3(e) ]. Free carriers tend to be recombined radiatively in the lower energy region, leading to the higher intensity at lower energy sites.
In the case of green-emitting MQWs, the trend is quite opposite, as sketched in Fig. 5 (c)-(d). In fact, due to the introduction of additional PDs caused by the high-current aging, the shorter carrier diffusion length is expected to increase the probability of non-radiative recombination, which suppresses the radiative one in band-edge levels and localization states [34] , [35] . The increment in PDs has been estimated by the fitting parameter of the two-level model [ Fig. 4(b) ]. Thus, the peak intensity decreases rapidly after the aging, especially at the low injection region where carriers are susceptible to PDs. The diminishing localization effect also can be evidenced in the shrinking low-energy wing of the aged EL spectrum [ Fig. 3(f) ].
Conclusion
Two types of In-rich devices are used to investigate possible mechanisms of the carrier transmission and recombination in InGaN/GaN MQWs. During the aging, the carrier localization effect is enhanced in the blue LED while weakened in the green one. Meanwhile, the SRH recombination is estimated to be distinctly different for two types of In-rich LEDs after the aging. Based on results of spatially resolved mappings of the peak intensity, the peak energy and the FWHM, we propose a phenomenological model in the carrier transfer between the effect of carrier localization and the SRH recombination. For blue-emitting MQWs, injected carriers tend to participate the radiative recombination in localization centers, rather than interact with neighboring SRH NRCs mainly created by PDs. This positive effect leads to the increase in the peak intensity and the decrease in the peak energy, as well as the broadening of the FWHM. However, for green-emitting MQWs, weakened localization potentials can no longer hold as many carriers as they did before the aging, thus injected carriers are susceptible to PDs, of which the density is even elevated after the aging. Consequently, less populated band-edge recombination results in the decrease in the peak intensity and the increase in the peak energy, as well as the shrinking of the FWHM.
